Prp 104:852856 (15 6) Nitrogen dioxide (NO2) is a free radical formed by combustion processes in air. An increased incidence of airway inflammation and reactivity are associated with exposure to elevated indoor levels of this reactive gas (1) (2) (3) . The toxicity of NO2 has been attributed to the oxidation of cellular constituents and generation of reactive compounds that initiate cellular injury (4) . Free radical oxidation of cellular constituents such as polyunsaturated fatty acids (PUFA) can lead to the generation of aldehydic compounds. Oxidation of sugars may also be an important source of aldehydic compounds (5) . These aldehydes may bind with essential cellular proteins to impair or inhibit activity, ultimately leading to adverse effects on cell function and viability. In the present study, we have examined the effects of NO2, a potent oxidant gas, on generation of aldehydic compounds from airway epithelial monolayers and the actions of a predominant aldehydic product on Na+,K+-ATPase (sodium pump), an enzyme that is vital to cellular function and viability.
The predominant reaction of NO2 may be to react with PUFA by abstraction of an allylic hydrogen (6, 7) . The epithelium lining the lung airways, which possesses a significant content of PUFA (8) , represents one of the first major targets of NO2 and receives a large burden of the exposure (9) (10) (11) . The mucin layer overlying airway epithelial cells also possesses a significant content of PUFA, as well as other compounds such as sugars, which may potentially interact with this gas (12) . Lipid radicals, generated by hydrogen abstraction, in the presence of molecular oxygen initiate free radical chain autoxidation of membrane PUFA (5) (6) (7) . The first product of autoxidation is a lipid hydroperoxide. These hydroperoxides may decompose to form a number of products, including reactive aldehydes (13) . Aldehydes have longer half lives and possess significant cytotoxicity (13) .
Cytotoxic effects attributed to aldehydes include depletion of intracellular glutathione; decreased protein thiols; onset of lipid peroxidation; disturbance of calcium homeostasis; inhibition of DNA, RNA, and protein synthesis; and inhibition of cellular respiration and glycolysis (13) (14) (15) . Oxidation products derived from either the mucin layer or the apical airway epithelial cell plasma membrane may bind with cellular proteins and subsequently impair or inhibit cellular function.
In the present study, we have examined the generation of aldehydic compounds from guinea pig tracheobronchial epithelial (GPTE) monolayers exposed to NO2 levels associated with indoor exposure. GPTE cells were cultured in an air interface to form tight monolayers that actively transport ions and solutes vectorially (16) (17) (18) (19) . These cell monolayers were acutely exposed for 1 hr to NO2 (1 or 5 ppm) and the release of aldehydes into the basolateral fluid was examined. We have identified glycolaldehyde, a two carbon a-hydroxyaldehyde, released into the extracellular medium from GPTE monolayers exposed to NO2. We then evaluated the effects of exogenous glycolaldehyde on epithelial Na+,K+-ATPase activity through measurements of ouabain-sensitive 86Rb uptake and specific 3H-ouabain (16) (17) (18) (19) (20) . Isolated airway epithelial cells were resuspended in PC-1 medium (16) (17) (18) (19) (20) , which was supplemented with 2 mM L-glutamine, 100 U penicillin G/ml, 100 pg streptomycin/ml, 0.25 pg amphotericin B/ml, and 50 pg gentamicin/ml. GPTE cells were plated at a density of 1.0 x 106/cm2 in 6.5-or 12-mm collagen-treated Transwells (Costar, Cambridge, MA) (16) (17) (18) (19) . Cells were allowed to adhere to the collagentreated membrane substratum for 24 hr (16) (17) (18) (19) . On day 1 (24 hr), basolateral and apical media were removed. To grow cells in an air interface, 0.4 or 0.9 ml PC-1 medium was subsequently added only to the basolateral side of the cell monolayer for 6.5-or 12-mm Transwells, respectively (16) (17) (18) (19) . Everyday thereafter, fluid on the basolateral surface was replenished with PC-1 culture medium while the apical surface was essentially left nominally fluid free (16) (17) (18) (19) (18, 19) . Following the two rinses, KRPH (0.9 ml) was added to the basolateral side of the monolayer, while the apical side was left fluid free to facilitate contact with air or NO2. Monolayers in 6.5-mm Transwells were rinsed twice with 1.25 ml (0.25 ml added to the apical side and 1.0 ml to the basolateral side) of KRPH and then 0.4 ml was added to the basolateral side alone. Monolayers were allowed to equilibrate in KRPH for 60 min at 370C (18, 19) . GPTE monolayers were then exposed to NO2 (1 or 5 ppm) in air or air alone using previously described procedures (18, 19) . Nominal NO2 levels rather than actual levels have been provided; exposure time was 1 hr.
Identification and Measurement of DNP-carbonyl Compounds
Basolateral fluid or apical rinse fluid containing products liberated from exposed GPTE monolayers were derivatized with DNP using procedures previously described by Eserbauer et al. (21) and Poli et al. (22) (18) . Glycolaldehyde was added to either the apical or basolateral bathing fluid at concentrations ranging from 0.1 to 20 mM. Short circuit current (SCC) was measured with an automatic voltage/current clamp (DVC-1000; World Precision Instruments, Sarasota, FL) (18) . The monolayer was continuously short circuited except for a brief period every 30 sec when a constant voltage pulse (dV = 2 mV) was imposed for 3 sec to yield a current response (dI) (18) . RTE was estimated from the relation of dV/dI and SPD estimated from RTE X SCC (18) . Bioelectric properties were monitored for 30 min following addition of glycolaldehyde.
Measurement ofAirway Epithelial Ouabain-sensitive 86Rb Uptake
To estimate the Na+,K`-ATPase activities of glycolaldehyde-treated airway epithelial monolayers, we measured 86Rb (K+ surrogate) uptake into epithelial cells from the basolateral fluid in the presence and absence of 1 mM ouabain in the basolateral fluid using procedures previously described by Robison and Kim (19) and Kim and Suh (24) . GPTE monolayers, in 6.5-mm Transwells, were treated basolaterally with glycolaldehyde (1 to 20 mM) or the vehicle control (water) for 15 min. After the 15-min treatment, monolayers were separated into two groups. Ouabain (1 mM) was added to the basolateral fluid of one group of monolayers for a 30-min incubation at 37°C, while the other group of monolayers received an equal volume of vehicle (i.e., 25 pl water) added to the basolateral KRPH (400 pl) (19) . Following ouabain or vehicle treatment, 86RbCl was added to the basolateral fluid (final concentration 10 pCi/ml) and incubated for 5, 15, or 30 min (19) . Glycolaldehyde was present in the basolateral fluid throughout the ouabain treatment and 86Rb uptake periods. Monolayers were washed, solubilized, and counted for 86Rb activity as previously described (19) . Apparent Na+,K+-ATPase activity was expressed as ouabain-sensitive 86Rb uptake (nanomoles per mg protein per 5, 15, or 30 min). Cell protein was measured using the BCA protein assay (Pierce, Rockford, IL).
Measurement of Specific 3H-Ouabain Binding
With the use of previously described procedures by Robison and Kim (19) , specific 3H-ouabain binding was used to measure alterations of density and affinity of Na+,K+-ATPase on the airway epithelial basolateral cell surface in response to glycolaldehyde treatment. Monolayers were treated with glycolaldehyde (0 or 20 mM) for 15 min; basolateral fluid was removed and replaced with 3H-ouabain binding assay buffer which was composed of 250 mM sucrose, 3 mM MgSO4, 3 mM Na2HPO4, 1 mM Na3VO4, 10 mM Tris-HCl, and 0.5% BSA at pH 7.2 and containing 3H-ouabain at concentrations ranging from 0.125 to 2 pM (19, (25) (26) (27) . Monolayers, in 6.5-mm Transwells, were allowed to bind 3H-ouabain for 2 hr at 37°C. Nonspecific binding was determined in the presence of excess (1,000 x) unlabeled ouabain at each radiolabeled ouabain concentration (19) . Monolayers were washed, solubilized, and counted as previously described, and alterations of ouabain binding were determined by Scatchard analysis (19 (Fig. 2) . Release of glycolaldehyde toward the apical side was below the detection limit.
Effect of Glycolaldehyde on Bioelectric Properties
The effects of exogenous glycolaldehyde on GPTE bioelectric properties (e.g., SCC and RTE) were evaluated ( (Fig. 3) . Concentrations 
Discussion
In the present study, a significant generation of aldehydes from airway epithelial monolayers exposed to NO2 was detected. Glycolaldehyde, an ax-hydroxyaldehyde, was a major aldehydic product generated from exposure of GPTE monolayers to NO2. Glycolaldehyde was also identified as a major aldehydic product released from alveolar macrophages exposed to NO2 (23, 28) . Preliminary studies using 3H-arachidonic acid-labeled monolayers suggest that glycolaldehyde may be derived from cellular lipids. A recent report has identified a number of a-hydroxyaldehydes derived from peroxidation of arachidonic acid (29) . Glycolaldehyde may be formed from PUFA through a similar oxidative mechanism. Another possible route for the formation of glycolaldehyde may be through the decomposition of sugars (5, 30, 31) ; however, the reactivity of NO2 with sugars is known to be much slower than that found with PUFA. Glycolaldehyde is reactive with proteins, rapidly forming Schiff base adducts with amino groups (14, 15 Glycolaldehyde may have significant long-term pathological consequences to cell function and viability with regard to the formation of glycation products (34) . Through a process known as glycation, protein crosslinking occurs nonenzymatically and involves reaction of a compound such as glycolaldehyde with the amino group of a protein (34) . These reactive Amadori products may then bind with amino groups on other proteins to form advanced glycation end products (AGEs) through intermolecular crosslinks (34) . This process may interfere with cell-to-cell attachment as well as cell adhesion to the basement membrane, potentially resulting in significant disruption of the epithelial barrier and development of increased airway reactivity.
In summary, we have found that glycolaldehyde, an aldehydic compound, is generated in elevated levels from airway epithelial monolayers acutely exposed to NO2, in the range associated with elevated indoor levels. Exogenous glycolaldehyde does not appear to play a significant role in the previously observed N02-induced enhancement of airway epithelial Na+,K+-ATPase activity, suggesting that the alteration of pump activity is most likely mediated by other lipid peroxidation products yet to be identified. Glycolaldehyde may have significant long-term pathological consequences with regard to disruption of the epithelial barrier through its known reactivity with cellular proteins.
